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Abstract 
 
Gray scale image analysis is a powerful tool for testing asphalt concrete materials. From 
material composition to surface properties, gray scale analysis has shown evidence as a 
non-invasive way to obtain information from asphalt samples. Casillas et al. used a gray 
scale analysis to measure the Representative Volume Element of three asphalt sample 
geometries to understand the minimum size at which an asphalt sample is 
representative of a larger homogeneous mixture [1]. While the gray scale analysis used 
in this experiment yielded results, there were unknown factors in the image capturing 
process. Particularly, not much was known about the effect of varying the distance of 
asphalt samples from a camera or varying the sizes of asphalt samples on subsequent 
gray scale histograms. The purpose of this research was to quantify the effect of these 
two variables on a gray scale analysis and to understand the extent and significance of 
their impact. For each of the 12 samples analyzed and 34 histograms generated, it was 
discovered that for images that were captured closer to a camera, more pixels per 
intensity were captured for non-white intensities (#0 - #254). Secondly, it was 
discovered that sample geometry affected histograms when the area of images 
captured was not the same, meaning that the image capturing software generated 
histograms based on the image area captured rather than the sample geometry. Finally, 
over 75% of the pixels for this mix design fell between the range of intensities #30 - 
#160. 
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Introduction 
 
BACKGROUND 
 
Research plays an important role in the innovation of transportation pavement 
materials such as asphalt concrete and testing is an essential part of research. For 
asphalt concrete research in particular, testing can be conducted on samples acquired 
from an existing structure such as an asphalt core or an asphalt sample created in a 
laboratory.  
 
For the test results of an asphalt sample to be useful, a sample needs to be 
representative of a larger homogeneous mixture. Consequently, one can conclude that 
the results of tests performed on a coring taken from an asphalt concrete structure or 
paving would be significant, not just for the individual sample, but, more importantly, 
for the rest of the structure. A method of quantifying whether a sample is 
representative of a larger homogeneous sample is to measure a sample’s representative 
volume element (RVE), the smallest size at which an asphalt specimen is statistically 
representative of a larger homogeneous structure. A study conducted by Romero and 
Masad explored the theoretical considerations in choosing the smallest dimensions of 
an asphalt sample that satisfied the qualifications of an RVE, the smallest possible 
asphalt specimen that still retained the properties of a larger homogeneous structure 
[2].   
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Rather than use traditional testing methods that cause deformation to asphalt samples, 
Romero and Masad opted to use image analysis to test RVE [2]. Like Romero and Masad, 
Kim et al. also used image analysis to test RVE to avoid damaging their samples and also 
utilized the method as a cheaper alternative to traditional testing methods. Their results 
showed that image analysis can indeed produce similar results to traditional material 
tests, implying that image analysis can be an efficient method of measuring RVE [3]. 
However, Romero, Masad, and Kim et al., are not the only case studies of image analysis 
used in tranpsortation materials applications. 
 
Ravanshad et al., attempting to use a fast, simple, and reliable technique to measure 
aggregate surface microtexture, also performed image analysis in an asphalt concrete 
context, utilizing an algorithm that used gray scale images. For their research, a gray 
scale image analysis was useful to measure surface microtexture because the 
composition of a material’s surface could be captured through the variation in pixel 
intensity, a measure that quantified the total amount of pixels for each shade of gray on 
a scale from #0 – #255 [4]. Masad et al. also used gray scale image analysis to measure 
aggregate orientation, aggregate gradation, and air void distribution parameters in 
asphalt concrete mixes in a study conducted in 1999. They observed that gray scale 
images could be used to identify the density of a material by the presence or by the 
concentration of darker gray pixels [5]. Gray scale imaging has demonstrated promise as 
a viable material property testing method for asphalt concrete samples.  
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Understanding the utility of image analysis, Casillas et al. sought to expand on the work 
of Kim et al. by using gray scale image analysis to quantify the variation in asphalt 
concrete samples. Casillas et al. sought to use gray scale analysis to find a way to 
identify the nominal maximum aggregate size that would satisfy the conditions of a 
representative volume element for three different asphalt sample geometries [1].  
However, even though the gray scale imaging process was efficient, the image capturing 
process was not standardized and the effects of some of the variables in the image 
capturing and analysis process was unknown. This research sought to explore the 
variables that might introduce error into a gray scale analysis. The results were meant to 
reveal a better understanding of the effect of those variables on gray scale imaging as 
an analysis technique. 
 
RESEARCH OBJECTIVE 
 
The objective of this research is to measure the effects of varying the geometries of 
asphalt samples and varying the distance of asphalt samples from a camera, on a gray 
scale image analysis.  
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Materials & Methods 
 
MATERIALS 
 
The asphalt cylinders used in this experiment where the same as those used in Size 
Effects [1]. These asphalt cylinders where composed of a combination of 4 different 
nominal maximum aggregate sizes (NMAS) for the aggregates and 2 binder types for the 
asphalt binder to produce 8 unique asphalt mixes [1]. The 4 NMAS and their 
corresponding aggregate types along with the 2 binder types are depicted in Table 1. 
 
Table 1. Mixture Properties for Size Effects [1] 
NMAS (mm) Aggregate Type Binder Type 
4.75 manufactured sand, natural sand, mineral sand PG 64-22 
PG 76-22 
12.5 ¾”, ½” chips, manufactured sand, asphalt grit, 
recycled asphalt pavement 
PG 64-22 
PG 76-22 
25 1-½”, ¾”, ½” chips, manufactured sand, asphalt grit, 
recycled asphalt pavement 
PG 64-22 
PG 76-22 
37.5 1-½”, ¾” chips, manufactured sand, asphalt grit, 
recycled asphalt pavement  
PG 64-22 
PG 76-22 
 
Aggregate 
 
To focus on the variability in the image capturing process rather than on mix properties, 
only one type of asphalt mix was used in this experiment. The NMAS used in this 
experiment was 4.75mm and the aggregate mixture consisted of manufactured sand, 
natural sand, and mineral sand.   
6 
Binder 
 
Likewise, only one binder type was used in this experiment, PG 64-22. 
All asphalt samples used for this experiment consisted of a mix between an NMAS of 
4.75mm of the aggregate mix and PG 64-22 binder. 
 
Sample Types 
 
3 sample geometries were chosen for the experiments in Size Effects [1. The geometries 
were originally selected for dynamic modulus tests. The 3 samples types were 
designated as either Uniaxial, IDT, or Torsion Bar after their corresponding dynamic 
modulus tests.  
 
As per AASHTO T342-11, Uniaxial Dynamic Modulus and Indirect Tension (IDT) Dynamic 
Modulus tests along with their corresponding sample dimensions measured the 
dynamic moduli of asphalt concrete cylinders. Likewise, Torsion Bar tests measured the 
dynamic moduli of Torsion Bars as per ASTM D 7552-09.  
 
3 Uniaxial samples, 3 IDT samples, and 6 Torsion Bar samples were tested in this 
experiment as per the experimental matrix in Table 2 and Table 3. Figure 1 below shows 
the three sample geometries. 
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a) Uniaxial    b) IDT     c) Torsion Bar 
Figure 1. Pictures of sample geometries [1] (*not to scale) 
 
Experimental Matrices 
 
Table 2. Number of Replicates for each Sample Geometry 
Sample Geometry NMAS (mm) Binder Replicates 
Uniaxial 4.75 PG 64-22 3 
IDT 4.75 PG 64-22 3 
Torsion Bar 4.75 PG 64-22 6 
 
Table 3. Sample Surface Types & Dimensions [1] 
Sample Type Number of 
Captured 
Surfaces 
Geometry Minimum 
Dimension 
(mm) 
Maximum 
Dimension 
(mm) 
Uniaxial 3 – 120° 
intervals 
Cylindrical 100 150 
Indirect 
Tension 
2 – front & back Circular 38 150 
Torsion Bar 4 – longest sides Rectangular 6.5 50 
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METHODS 
 
Image Standardization 
 
The purpose of this study was to explore the variability in the gray scale imaging 
process. Consequently, two variables were selected for further study: sample distance 
from a camera and sample geometry. In particular, the effects of distance and geometry 
were analyzed to discover their effect on gray scale histograms. 
 
To test the effect of sample distance, all 3 sample types from Size Effects [1], were used. 
Each sample type was positioned at the back of an image capturing studio and 
photographed at 2-inch increments as they were moved closer to a camera. For Uniaxial 
samples, each cylinder was rotated twice at 120° to capture a total of 3 surfaces for 
each sample at each distance increment. Likewise, for IDT samples, both circular 
surfaces were captured at each increment. The four sides with the largest surface areas 
were captured at each increment for Torsion Bars. Histograms of the images for each 
sample at their different increments were compared in the results section.  
 
To test the effect of sample geometry, cumulative frequency and gray scale histograms 
of each sample type were compared for the analysis. 
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Image Studio Setup 
 
Image Studio 
A 24inx24inx24in Samtian Photo Box was used as the image studio for this experiment. 
The studio included three openings of varying sizes on the front flap which was rolled 
above the top of the studio when image capturing was not taking place. Two LED lights 
with a brightness dimmer illuminated the inside of the studio.  
 
A Basler camera that captured monochromatic images was used in conjunction with an 
NI Vision CPU and laptop to capture images. The camera was mounted on a roll of duct 
tape laying on its side and located at the front of the studio to provide ample depth for 
the distance procedure. The setup can be seen in Figure 2 below.  
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Figure 2. Image Studio 
 
Markings and Increments 
Markings were made at 2-inch increments from the back to the front of the studio. The 
furthest back that a sample could go within the studio was designated as the base and 
images were captured at 2-inch increments as they got closer to the camera. 
Consequently, any image defined as “base” was the image in that series of images that 
was furthest away from the camera. Likewise, the x-inch designation increased as 
images were captured closer to the camera. The increments can be seen in Figure 3 
below.  
11 
 
Figure 3. Marked Increments 
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Lighting 
The two rectangular, LED lights provided by the studio manufacturer were used at their 
highest brightness for every image that was captured to maintain consistency in the 
lighting. Both lights hung from designated racks above the interior of the studio. The 
lighting can be seen in Figure 4 below. 
 
 
Figure 4. Studio LED Lights  
13 
Procedure 
 
IMAGE CAPTURING SETUP 
 
Hardware Setup 
 
A laptop with NI Vision software was connected to both the Basler camera and the NI 
Vision CPU through ethernet cables. For image capturing, the studio lights were always 
illuminated and all equipment was always turned on. The flap that covered the front of 
the studio was released from its resting position above the studio to contain the light 
within. The NI Vision CPU that was used can be seen in Figure 5 and the Basler camera 
can be seen in Figure 6 both below.  
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Figure 5. NI Vision CPU 
 
 
Figure 6. Basler Camera  
15 
Samples Image Capture Setup 
 
 
Uniaxial  
Each Uniaxial sample was checked to ensure that it was upright. After capturing the first 
surface, the sample was rotated 120° to capture the next surface. This was done one 
more time. For each 2-inch increment, a total of 3 surfaces of Uniaxial samples were 
captured. Figure 7 shows an image of one surface of a sample.  
 
Figure 7. Uniaxial Sample 
 
IDT  
Each IDT sample was checked to verify that it was and upright.  
Both faces were captured at each increment for a total of images per increment. Figure 
8 shows an image of a single face of a sample. 
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Figure 8. IDT Sample 
 
Torsion Bar  
After verifying that the longitudinal axis a Torsion Bar was always perpendicular to the 
studio’s surface, Torsion Bars were rotated to capture their four longest surfaces. Figure 
9 shows an image of a surface of a single sample. 
 
 
Figure 9. Torsion Bar Sample 
 
17 
As samples were incrementally moved 2 inches closer to the camera, they were also 
adjusted to ensure that they were centered on the camera and that they were on the 
correct distance increment.  
 
Image Capturing and Processing 
 
Capture and Processing 
 
The NI Vision software used for this gray scale analysis was connected to the Basler 
camera. The software controlled the image capturing process and image storage. After 
images were captured and stored, they were converted into excel sheets consisting of 
two columns: pixel intensities from #0 – 255 and the number of pixels for each intensity. 
These columns were converted into histograms, scatterplots of pixel intensities on the 
horizontal axis and the number of pixels for each intensity on the vertical axis. The data 
was also used to generate cumulative frequency histograms by adding the number of 
pixels for an intensity to the previous total starting and intensity #0.  
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Eliminating Intensity #255 
Intensity #255 was the last intensity of the intensity scale. It represented the brightest 
shade of gray, white, and was omitted from every histogram so that the behavior of 
each histogram could be better understood. Since images captured in this experiment 
consisted mostly of a white background and since they were not traced, the was a high 
number of pixels for intensity #255. This behavior skewed the histograms and made 
them look like intersecting horizontal and vertical lines like in Figure 10 below. 
Consequently, intensity #255 was removed.  
 
 
Figure 10. Example Histogram with Intensity #255 Included 
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It should be stated that the mix design for the asphalt cylinders in this experiment 
included limestone which shows up as Intensity #255 in the gray scale analysis. This 
means that by eliminating Intensity #255, the behavior and impact of limestone in each 
histogram was not considered. This was not a problem for Uniaxial and IDT samples 
because of their size, however, the elimination of Intensity #255 had an greater impact 
on Torsion Bars since they were smaller than the other sample types. Additionally, the 
NMAS made aggregate look larger in Torsion Bars samples. The minimum dimension of 
a Torsion Bar is 5.8 times smaller than that of the next smallest sample type, an IDT 
sample while the largest dimension of a Torsion bar is 3 times smaller than both Uniaxial 
and IDT samples.  
 
Rejecting intensity #255 also eliminated any analysis that would test the quality of 
greyscale imaging by the number of pixels available because it there are always a fixed 
number of pixels, then there is no variability in the total number of pixels that are 
captured. 
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Results and Discussion 
 
RESULTS 
 
Cumulative frequency graphs were generated with the total number of pixels per 
intensity on the vertical axis and the intensities on the horizontal axis. The slopes of 
cumulative frequency graphs were the biggest indicators of which pixel intensities had 
the greatest number of pixels and had the most significant effect on the gray scale 
distribution outside of intensity #255. Every cumulative frequency graph can be found in 
Appendix A.1, but below are the most important cumulative frequency graphs with 
direct comparisons of the behavior of different sample geometries. Figure 11, for 
example, compares the cumulative frequency graphs of all three geometries: Uniaxial, 
IDT, and Torsion Bar.  
 
Histograms of pixel intensities graphed against the number of pixels, otherwise known 
as gray scale histograms, were also generated. Figure 12, 13, and 14 are examples of 
gray scale histograms for Uniaxial, IDT, and Torsion Bar samples. Every gray scale 
histogram generated for each image can be found in Appendix A.2.  
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Figure 11. Cumulative Frequency Histogram for IDT 1 Side 1 (I), Uniaxial Sample 1 (U), 
and Torsion Bar S1 4 (T) 
 
Uniaxial 
Each graph on the Uniaxial histograms represents the average number of pixels for 3 
surfaces, captured at a single distance increment for a Uniaxial sample. For example, in 
Figure 12 below, the graph with the highest single # Pixel value is the average of the 
three images that were captured at the distance increment for sample 3 when the 
sample was closest to the camera. 
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Figure 12. Uniaxial Histogram for Sample 3 
 
Legend – IDT  
Each graph on the IDT histograms represents a single image of an IDT surface, captured 
at a distance increment for one side of an IDT sample. For example, in Figure 13 below, 
the graph with the highest single number of pixels is the histogram of the image 
captured for IDT sample 3 side 2 at the distance increment when the sample was closest 
to the camera. 
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Figure 13. IDT Histogram for Sample 3 Side 2  
 
Legend – Torsion Bar 
Each graph on the Torsion Bar histograms represents the average number of pixels of 
both surfaces (front & back) of a Torsion Bar captured at a single distance increment. 
For example, in Figure 14 below, the graph with the highest single number of pixels is 
the histogram of both surfaces of Torsion Bar sample S2 7, captured at the distance 
increment when the sample was closest to the camera.  
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Figure 14. Torsion Bar Histogram for Sample S2 7 
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DISCUSSION 
 
Distance Observations 
 
The effect of distance in this gray scale analysis was measured by observing the 
histograms of samples captured at 2-inch increments.  
 
The first observation was that the closer an image was to camera, the more abundant 
the number of non-white intensities (Intensity #255) appeared to be. In Figure 15, this 
phenomenon was observed in the increased steepness of the slope of the base image (U 
– Base) to that of the closest image (U – 8 inches). The steepness of the slope of U – 
Base was the shallowest of all the images in the Uniaxial image set while the steepness 
of the slope of U – 8 inches had the greatest incline. This meant that there are more 
pixels in the middle intensities (#40 - #100) contributing to the total number of pixels 
present for closer images than images that are farther away from the camera.  
 
The same observation wase seen in Figure 15 where the critical slope (the area with the 
greatest slope increase for an image) began at an earlier intensity for images that were 
closer to the camera. For example, in Figure 15, the critical slope of U – 8 inches began 
at intensity #40 while the critical slope of U – 6 inches began at a later intensity, 
intensity #45. Finally, the critical slope of U – Base began at the latest starting intensity 
for the critical intensities of the Uniaxial image set, intensity #60. The earlier start of 
critical slopes for images that were closer to the camera suggested that such images 
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were composed of a greater number of darker intensities compared to images that were 
farther away from the camera. 
 
Furthermore, the observation of more non-white intensities for closer images was 
reinforced in the cumulative frequency graphs by the area beneath the curves in Figure 
15. Not only did images that were closer to the camera have steeper slopes and earlier 
starting critical intensities, but they also had greater areas beneath their respective 
graphs. This meant that closer images had a greater number of pixels for each intensity 
compared to images that were captured further away from the camera.  
 
Additionally, the increasing area beneath the gray scale histograms for images that were 
closer to the camera in Figure 16 served to bolster the observation that images that 
were closer to the camera had more non-white intensities. In Figure 16, the graph of the 
image that was closest to the camera, 8 inches, had a greater area than that of the next 
closest image, 6 inches, while the graphs of each image was greater than that of the 
image that was furthest away from the camera, the base image.  
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 Figure 15. Cumulative Frequency Histogram for Uniaxial Sample 1 (U) and 
Torsion Bar S1 4 (T) 
 
 
Figure 16. Uniaxial Histogram for Sample 1 
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Geometry Observations 
 
The effect of geometry in this gray scale analysis was measured by comparing the 
histograms of the 3 different sample geometries. 
 
It is important to note that the mix design for all the samples used in this experiment 
was the same. One could have hypothesized that every histogram for each geometry 
should have had a similar shape since the material distribution was the same from the 
mix design. This was indeed the case and the geometry histograms captured this 
behavior. 
 
It was the case that the geometry of samples did not influence histograms. IDT and 
Uniaxial samples were the most similar in size of the three geometries tested. This 
meant that throughout the imaging process and in the course of capturing images at 
varying distances there should have been some Uniaxial and IDT graphs that overlapped 
or looked like they overlapped. For images that appeared to have the same area to the 
image capturing software, their graphs should have overlapped. This behavior was 
observed in Figure 17 and Figure 18. I – 2 inches and U – 4 inches seemed to have the 
same slope and to level off around the intensity #120 mark. This meant that the area of 
an IDT sample captured 2 inches away from the base was like the area of a Uniaxial 
sample captured 4 inches away from the base.  
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There was some variation because both images did not have the same starting intensity 
for their critical slopes and this was expected since their areas were not exactly the 
same, but their graphs were similar enough in their behavior and their slopes to confirm 
the observation.  
 
That the Uniaxial sample (U – 4 inches) was further away from the base and closer to 
the camera to produce an equivalent area to the IDT sample that was only 2 inches 
away from the base and further away from the camera was confirmed. The surface area 
of an IDT sample (circular face) is greater than that of the surface area of a Uniaxial 
sample (rectangle – side of a standing cylinder) on the sample plane. Therefore, for their 
areas to match, a Uniaxial image had to be closer to a camera than an IDT sample and 
that is exactly what occurred in the above observation.  
 
In conclusion, the image processing software did not necessarily distinguish image 
geometry. Rather, it captured the image area of a sample and produced an output. This 
meant that samples with different geometries but with equivalent areas and with the 
same mix design would produce the same gray scale and cumulative frequency 
histograms.  
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Torsion Bars were not considered because their geometries differed greatly from IDT 
and Uniaxial samples, however, their cumulative frequency graphs seemed to show 
similar behavior to those of IDT and Uniaxial graphs in terms of shape and slope as seen 
in Figure 19. 
 
 
Figure 17. Cumulative Frequency Histogram for IDT 1 Side 1 (I) and Uniaxial Sample 1 (U) 
with data points removed – see next Figure for all data points 
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Figure 18. Cumulative Frequency Histogram for IDT 1 Side 1 (I) and Uniaxial Sample 1 (U) 
 
 
Figure 19. Cumulative Frequency Histogram for Torsion Bar Sample S1 4 
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Additional Observations 
 
Interestingly, for asphalt mixtures with 4.75mm aggregate and PG 64-22, over 75% of 
the intensities of IDT, Uniaxial, and Torsion Bar samples fell between intensities #30 - 
#110, #35 - #160, and #40 - #110 respectively. In Figure 20 this behavior was observed 
by the range of the critical slopes for IDT and Uniaxial samples. Likewise, in Figure 21 
this behavior was observed in the critical slope range for Torsion Bar samples. This 
behavior was also be observed in the area beneath the curves for Figure 22, Figure 23, 
and Figure 24. Note that over 75% of the area beneath the curve for IDT, Uniaxial, and 
Torsion Bar gray scale histograms fall within the intensities #30 - #110, #35 - #160, and 
#40 - #110 respectively.  
 
This meant that the combination of aggregate and binder for this mix consisted of 
materials whose gray scale images appear mostly in the above ranges for each sample 
geometry.  
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Figure 20. Cumulative Frequency Histogram for IDT 1 Side 1 (I) and Uniaxial Sample 1 (U) 
 
 
Figure 21. Cumulative Frequency Histogram for Torsion Bar Sample S1 4 
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 Figure 22. IDT Histogram for Sample 1 Side 1  
 
 
Figure 23. Uniaxial Histogram for Sample 1 
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Figure 24. Torsion Bar Histogram for Sample S1 4  
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CONCLUSION 
 
Various researchers have used some form of gray scale analysis in the past to test 
material properties of asphalt samples and have found some success doing so. This was 
the case with Casillas et. al, who sought to use gray scale imaging to find the nominal 
maximum aggregate size at which a sample was still considered to be a representative 
volume element. While they were able to generate some results from using this form of 
analysis, the lack of standardization in the image capturing process presented some 
uncertainty in their results.  
 
The research conducted in this paper sought to measure the effects of asphalt sample 
geometries and the effects of varying distance on histograms in the same type of gray 
scales utilized by Casillas et. al.  
 
For the distance variable, it was concluded that capturing images at different distances 
created variation in gray scale imaging. If images were not captured at the same 
distance, the slopes of their cumulative frequency histograms differed and the areas 
underneath both cumulative frequency and gray scale histograms also differed.  
 
For images captured with the same overall area, sample geometry did not influence 
their histograms. In fact, images with the same area produced similar cumulative 
frequency and gray scale histograms. 
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Finally, for this mix design, over 75% of the intensities for IDT samples were within the 
intensity #30 - #110 range for Uniaxial samples, intensity #35 - #160 range for IDT 
samples, and intensity #40 - #110 range for Torsion Bars.  
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Appendices  
 
A.1 – CUMULATIVE FREQUENCY HISTOGRAMS  
 
Combined Cumulative Frequency Histograms 
 
 
Figure A.1.10. Cumulative Frequency Histogram for IDT 1 Side 1 (I), Uniaxial Sample 1 
(U), and Torsion Bar S1 4 (T) 
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Figure A.1.11. Cumulative Frequency Histogram for IDT 1 Side 1 (I) and Torsion Bar S1 4 
(T) 
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 Figure A.1.12. Cumulative Frequency Histogram for Uniaxial Sample 1 (U) and 
Torsion Bar S1 4 (T) 
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Figure A.1.13. Cumulative Frequency Histogram for IDT 1 Side 1 (I) and Uniaxial Sample 
1 (U) 
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Individual Cumulative Frequency Histograms 
 
Uniaxial 
 
Figure A.1.14. Cumulative Frequency Histogram for Uniaxial Sample 1 
 
 
Figure A.1.15. Cumulative Frequency Histogram for Uniaxial Sample 2 
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Figure A.1.16. Cumulative Frequency Histogram for Uniaxial Sample 3 
 
IDT 
 
Figure A.1.17. Cumulative Frequency for Histogram for IDT Sample 1 Side 1 
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Figure A.1.18. Cumulative Frequency IDT Histogram for IDT Sample 1 Side 2 
 
 
Figure A.1.19. Cumulative Frequency Histogram for IDT Sample 2 Side 1 
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Figure A.1.20. Cumulative Frequency Histogram for IDT Sample 2 Side 2 
 
 
Figure A.1.21. Cumulative Frequency Histogram for Sample 3 Side 1 
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Figure A.1.22. Cumulative Frequency Histogram for Sample 3 Side 2 
 
Torsion Bar 
 
Figure A.1.23. Cumulative Frequency Histogram for Torsion Bar Sample S1 4 
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Figure A.1.24. Cumulative Frequency Histogram for Torsion Bar Sample S1 5 
 
 
Figure A.1.25. Cumulative Frequency Histogram for Torsion Bar Sample S1 6 
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Figure A.1.26. Cumulative Frequency Histogram for Torsion Bar Sample S1 7 
 
 
Figure A.1.27. Cumulative Frequency Histogram for Torsion Bar Sample S2 3 
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Figure A.1.28. Cumulative Frequency Histogram for Torsion Bar Sample S2 7 
 
A.2 - GRAY SCALE DISTRIBUTION HISTOGRAMS 
 
Uniaxial  
 
Figure A.2.10. Uniaxial Histogram for Sample 1 
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Figure A.2.11. Uniaxial Histogram for Sample 2 
 
 
Figure A.2.12. Uniaxial Histogram for Sample 3 
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IDT  
 Figure A.2.13. IDT Histogram for Sample 1 Side 1  
 
 
Figure A.2.14. IDT Histogram for Sample 1 Side 2  
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Figure A.2.15. IDT Histogram for Sample 2 Side 1  
 
 
Figure A.2.16. IDT Histogram for Sample 2 Side 2  
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Figure A.2.17. IDT Histogram for Sample 3 Side 1  
 
 
Figure A.2.18. IDT Histogram for Sample 3 Side 2  
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Torsion Bar  
 
Figure A.2.19. Torsion Bar Histogram for Sample S1 4 
 
 
Figure A.2.20. Torsion Bar Histogram for Sample S1 5 
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Figure A.2.21. Torsion Bar Histogram for Sample S1 6 
 
 
Figure A.2.22. Torsion Bar Histogram for Sample S1 7 
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Figure A.2.23. Torsion Bar Histogram for Sample S2 3 
 
 
Figure A.2.24. Torsion Bar Histogram for Sample S2 7 
 
0
100
200
300
400
500
600
700
800
900
0 50 100 150 200 250
# 
P
ix
e
ls
Intensity
Base 2 inches 4 inches 6 inches 8 inches 10 inches
0
100
200
300
400
500
600
700
800
900
0 50 100 150 200 250
# 
P
ix
e
ls
Intensity
Base 2 inches 4 inches 6 inches 8 inches 10 inches
